Cheese ripening involves the succession of complex microbial communities that are responsible for the organoleptic properties of the final products. The food processing environment can act as a source of natural microbial inoculation, especially in traditionally manufactured products. Austrian Vorarlberger Bergkäse (VB) is an artisanal washed-rind hard cheese produced in the western part of Austria without the addition of external ripening cultures. Here, the composition of the bacterial communities present on VB rinds and on different processing surfaces from two ripening cellars was assessed by near full length 16S rRNA gene amplification, cloning and sequencing. Non-inoculated aerobic bacteria dominated all surfaces in this study. VB production conditions (long ripening time, high salt concentration and low temperatures) favor the growth of psychro-and halotolerant bacteria. Several bacterial groups, such as coryneforms, Staphylococcus equorum and Halomonas dominated VB and were also found on most environmental surfaces. Analysis of OTUs shared between different surfaces suggests that VB rind bacteria are inoculated naturally during the ripening from the processing environment and that cheese surfaces exert selective pressure on these communities, as only those bacteria better adapted flourished on VB rinds. This study analyzed VB processing environment microbiota and its relationship with VB rinds for the first time, elucidating that the processing environment and the cheese microbiota should be considered as microbiologically linked ecosystems with the goal of better defining the events that take place during cheese maturation.
Abstract 21 Cheese ripening involves the succession of complex microbial communities that are 22 responsible for the organoleptic properties of the final products. The food processing 23 environment can act as a source of natural microbial inoculation, especially in 24 traditionally manufactured products. Austrian Vorarlberger Bergkäse (VB) is an 25 artisanal washed-rind hard cheese produced in the western part of Austria without the 26 addition of external ripening cultures. Here, the composition of the bacterial 27 communities present on VB rinds and on different processing surfaces from two 28 ripening cellars was assessed by near full length 16S rRNA gene amplification, cloning 29 and sequencing. Non-inoculated aerobic bacteria dominated all surfaces in this study. 30 VB production conditions (long ripening time, high salt concentration and low 31 temperatures) favor the growth of psychro-and halotolerant bacteria. Several 32 bacterial groups, such as coryneforms, Staphylococcus equorum and Halomonas 33 dominated VB and were also found on most environmental surfaces. Analysis of OTUs 34 shared between different surfaces suggests that VB rind bacteria are inoculated 35 naturally during the ripening from the processing environment and that cheese 36 surfaces exert selective pressure on these communities, as only those bacteria better 37 adapted flourished on VB rinds. This study analyzed VB processing environment 38 microbiota and its relationship with VB rinds for the first time, elucidating that the 39 processing environment and the cheese microbiota should be considered as 40 microbiologically linked ecosystems with the goal of better defining the events that 41 take place during cheese maturation. 45 46 Cheese is one of the oldest fermented foods.
Introduction
There is proven evidence for cheese 47 making in the sixth millennium B.C. and its manufacture is strongly related with 48 regionally different technical, social and economic conditions (Irlinger et al., 2015;  49 Salque et al., 2013; ) . Particularly in long-ripened raw milk cheeses, cheese 50 fermentation involves a complex and dynamic microbiome that establishes through 51 the ripening process and strongly influences the characteristics of the final products 52 including also food safety, as cheese microbiota can act as a natural barrier for 53 pathogens and spoilage microorganisms (reviewed by Boldyreva et al., 2016) . 54 Cheese rinds microbiota differs largely from core cheese microbiota and can develop 55 either by direct inoculation of external ripening cultures and/or by natural colonization 56 of microbes from the processing environment, which is in continuous contact with 57 cheese rinds (Bokulich and Mills, 2012; Irlinger et al., 2015; Monnet et al., 2015) . The 58 processing environment encompasses many surfaces such as equipment, brine tanks, 59 ripening rooms, vats, benches, clothes and human skin that can act as potential 60 sources of microorganisms (Kousta et al., 2009; Montel et al., 2014) . The successful 61 colonization of these autochthonous microbial communities, summed up in the term 62 "house microbiota", relies on their ability to cope with environmental conditions such 63 as low temperature, high salt content, humidity, pH, moisture control (brining, 64 pressing), cleaning procedures and competition against other microbes (Bokulich and 65 Mills, 2013; Mounier et al., 2006 ). Deacidification of the cheese surface by yeasts and 66 molds which consume lactate and produce ammonia as well as extensive washing of 67 cheeses with salt favors the establishment of acid-sensitive and salt-and psychro-tolerant bacteria, such as coagulase-negative cocci (CNC, mainly Staphylococcus 69 equorum), Gram-positive coryneforms (Brevibacterium, Corynebacterium) and Gram-70 negative bacteria such as Halomonas (Coton et al., 2012; Delbes et al., 2007; Gori et 71 al., 2013; Irlinger and Mounier, 2009; Mounier et al., 2005; Rea et al., 2007) . Microbial 72 populations involved in cheese ripening are often also found in the processing 73 environment and it has been demonstrated that facility-specific "house" microbiota is 74 implicated in the development of brand-specific characteristics of many traditionally 75 manufactured cheeses (Bokulich and Mills, 2013; Dolci et al., 2009; Mounier et al., 76 2006; Van Hoorde et al., 2010) . Moreover, exploring the relationships between 77 ripening and production facility environment can be very useful to understand the 78 impact of the house microbiota on the hygienic safety of the processed cheese 79 products (Bokulich and Mills, 2013; Calasso et al., 2016; Mounier et al., 2006; Stellato 80 et al., 2015) . In contrast to our current study, prior studies have mainly focused on 81 short-ripened soft or semi-soft cheeses. Washed-rind technology is used to 82 homogenously spread microorganisms on the cheese surface to favor implantation of 83 desirable bacteria, but is also sensitive to cross-contamination events due to the 84 magnitude of manipulative steps applied. 85 Austrian Vorarlberger Bergkäse (VB) is an artisanal hard cheese produced in the 86 western part of Austria (Vorarlberg) and has a protected designation of origin (PDO). 87 Highly similar types of cheeses are produced in the adjacent regions of Austria and 88 Germany. Its manufacture consists of traditional techniques including the use of raw 89 cow milk exclusively from alpine pastures with the addition of starter cultures. VB is 90 brined either in a brine bath or by dry salting surface treatment and no other 91 treatment, such as the addition of external ripening cultures, is applied during 92 ripening, which last from three to up to 18 months. 93 In a previous study, the bacterial and fungal composition of the rind microbiota of VB 94 was assessed by using 16S and 18S rRNA cloning and Sanger sequencing, revealing a 95 high diversity on VB cheese rinds with Gram-negative bacteria being particularly 96 abundant (Schornsteiner et al., 2014) . The question remained vital how the surface of 97 the brined cheese is influenced by yet uncharacterized microbial communities 98 originating from food-contact and non-food-contact surfaces in the ripening cellar. 99 We aimed to characterize the microbial communities present in VB rinds and in 100 environmental surfaces including air filters, floors, racks, shelves and walls from two 101 different ripening cellars from the same cheese production facility to identify shared 102 bacteria between the different environments in this dairy plant. OTUs with an abundance higher than 0.1% were double checked for correct taxonomic 159 assignment against type strains by using the RDP seqmatch tool (Cole et al., 2014) . 160 Plotting was carried out in R environment (https://www.r-project.org/) by using the enveomics.R, factoextra and vegan packages. Heatmaps were created using JColorGrid 162 (Joachimiak et al., 2006) . The OTU table was formatted to a BIOM file using mothur 163 ("make.biom") and used to create a bipartite graph ("make_otu_network.py") by using 164 QIIME 1.9.1 software (Caporaso et al., 2010) . OTU networks were visualized using Figure S1 ) and Good's coverage estimator (Table S1 ) suggest that the number of 183 clones sequenced were sufficient to cover the microbial diversity of the environments 184 studied. Shannon and Chao1 diversity indices showed higher diversity in environmental surfaces from the short-ripening cellar (A2) than from the long-ripening 186 cellar (A3) overall, while long-ripened VB rinds were more diverse than short-ripened 187 VB rinds (Table S1 ). 194 The relative abundance of the 12 most abundant genera is shown in Figure 1B Differences are clearly visible between cheese rinds and surface-related samples as an 244 OTU-network in Figure 4 . S. equorum (OTU2), the OTU that was the most represented 245 between environments, appears in the middle of the network. B. linens (OTU3), was 246 shared by many environments but was mostly abundant in cheese rinds and so it 247 appears closer to these samples, whereas H. meridiana appears closer to 248 environmental surfaces and separated from cheese rind samples. The cheese producing environment is inhabited by autochthonous microbiota that play 253 a key role in cheese ripening and several studies have been performed to elucidate the 254 relationships between cheese and "house" microbiota. Here, we applied near full-255 length 16S rRNA gene cloning and sequencing to provide much higher taxonomic 256 resolution than in studies using short-read next generation sequencing technologies or other typing techniques such as DGGE, TGGE or RFLP. In addition, we applied stringent 258 OTU clustering based on 99% 16S rRNA gene similarity (most studies use 97%), 259 allowing a more specific (species-level) tracking of shared OTUs between samples. Brevibacterium, S. equorum, H. boliviensis, Corynebacterium, 343 Leucobacter and Sphingobacterium seem to be able to flourish, although their 344 abundance in short-and long-ripened VB varied. Nevertheless, the changes in VB rind 345 microbiota are less pronounced compared with the environmental surfaces. 346 It should be noted that also population densities in the different environments may 347 have a big impact on the transfer of microorganisms between different environments. 348 It is conceivable that e.g. the population density of the shelf microbiota is higher and 349 therefore its contribution to cheese microbiota may be more significant that the contribution of microorganisms from the walls or floors. As we performed a cultivation 351 independent analyses, no CFUs were determined that could provide more insights into 352 the population densities in different ripening cellar environments. Similarities between 353 shelves and short-ripened VB rinds microbiota suggest transfer of microorganisms 354 between both surfaces in these production conditions. This transfer does not seem to by other bacteria. It should also be mentioned that additional sampling e.g. at more 369 time points to include more cheese batches would be needed to obtain more reliable 370 insights into the community composition on VB rinds and the ripening cellar 371 environment. 372 Further investigations using shotgun sequencing might be performed in order to better 373 understand the complex mechanisms involved in cheese rind and "house" microbiota and its potential use as facility-specific surface ripening cultures. The relative 375 abundance and the metabolic activity of certain ripening cultures in Reblochon-style 376 cheese using metranstriptomics has been described recently, demonstrating the 377 strength of shotgun sequencing methods (Monnet et al., 2016) 378
The processing environment and cheese rind microbiota may be considered as a whole 379 with the goal of better defining the events that take place during cheese production. 380 Further investigations on the facility-specific house microbiota may allow selecting 381 facility-specific surface ripening cultures, well adapted to the specific production 382 conditions and responsible for the specific (regional) properties of artisanal cheeses. 383 This study shows for the first time the relationship between cheese rinds and facility- Environ. Microbiol. 74, 2210 -2217 Gori, K., Ryssel, M., Arneborg, N., Jespersen, L., 2013. Isolation 
